Using a closed cranial window system and in travital microscopy/videometry, we studied the rat pial arteriolar (30-60 !Lm) responses to CO2 before and fol lowing a light/dye (LID) endothelial injury or topical ap plication of the nitric oxide synthase (NOS) inhibitor, ni tro-L-arginine (L-NA) or its inactive form, D-NA. LID treatment consisted of intravenous injection of sodium fluorescein and the illumination (for 90 s) of arteriolar discrete segments on the cortical surface with light from a mercury lamp. Functional changes in pial arteriolar en dothelium were characterized by evaluating responses to topical application of acetylcholine (Ach, 5 x 10-4 M) and to intravenous (i.v.) oxotremorine (OXO, a stable blood-brain barrier permeant muscarinic agonist, 1 !Lg kg -1 min -1 ) . After the LID injury, dilation to Ach was absent whereas dilations to the NO donor, S-nitroso acetyl-penicillamine (SNAP, 10-5 M) and to CO2 (5%) were unchanged (Paco2 = 70 mm Hg). Loss of Ach re sponse but intact SNAP response confirmed functional endothelial injury and intact smooth-muscle function. The global endothelium-dependent vasodilation induced by i. v. OXO was markedly attenuated when expanding the LID injury field from 300 !Lm to 6 mm in diameter.
Nitric oxide (NO) is a rapidly diffusible and po tent dilator of vascular smooth muscle (Moncada et ai., 1991) . It is synthesized from L-arginine, in com bination with molecular oxygen, by nitric oxide synthase (NOS) (e.g., Luscher and Vanhoutte, 1990) , a calcium/calmodulin and NADPH-depen-CO2 was still unaffected by this increase in the area of light exposure. This provides evidence that the expanded exposure was capable of impairing global vasodilation re SUlting from endothelium-dependent stimuli but not from inhalation of CO2, The intact CO2 response despite an endothelial dysfunction suggests that the reported NO de pendence of hypercapnia-induced cerebral hyperemia in rats cannot be attributed to an endothelial NO source.
Topical suffusion of L-NA (1 mM) for 45-60 min in our preparation blocked the pial arteriolar response to Ach, whereas CO and SNAP responses were unaffected. An attenuation (by 50%) of the response to CO2 was achieved if suffusion of L-NA was given for ?2 h. Suffusion of D-NA, applied in the same manner, did not influence re sponses to any of the above applications. This demon strates that there is a NO-dependent component for hy percapnic cerebral vasodilation even at the pial arteriolar level. The strikingly different time-related effect of topi cal L-NA on the Ach and CO2 responses, together with the lack of effect of endothelial injury on CO2-induced dilation, strongly suggest a nonendothelial source of NO in hypercapnic cerebrovascular dilation. Key Words: En dothelium-Hypercapnia-Light dye endothelial injury Nitric oxide-Nitro-L-arginine-Pial arteriole. dent oxidase that requires tetrahydrobiopterin as a cofactor (Luscher and Vanhoutte, 1990; Forster mann et ai., 1991; Leone et ai., 1991; Mayer et ai., 1991) . NOS is not only located in the endothelium, but also in neurons, perivascular nerves, and astro cytes (Bredt et ai., 1990; Murphy et ai., 1993) .
Recent publications from our laboratory and oth ers employing the NOS inhibitor nitro-L-arginine (L-NA) or its methyl ester indicate that NO synthe sis is critically involved in the CBF increase accom panying hypercapnia in rats (Iadecola, 1992; Wang et ai., 1992; Pelligrino et ai., 1993) . However, the source of NO during hypercapnia remains un known. Findings to date do not favor the source of NO being in perivascular neurons or nerves, in that applying tetrodotoxin (TTX) to block nerve depo-larization, or direct lesions of NOS-containing nerves or local neurons, did not alter the vasodila tor response to hypercapnia (Iadecola et al., 1987; Iadecola et al., 1993; Wang et al., 1993; Fabricius and Lauritzen, 1994) . With regard to the endothe lium, Toda et al. (1989) have shown no changes in the response of large canine cerebral arteries to CO2 in vitro after endothelium denudation. However, some indirect evidence exists in rats suggesting ce rebral endothelium as a source of NO during hyper capnia in vivo (Fabricius and Lauritzen, 1994) .
We employed an in vivo light/dye (LID) endothe lium injury model to examine whether the endothe lium of cerebral microvessels is involved in the hy percapnic response in rats. This technique has been used functionally to impair endothelial cells in dis crete segments of pial arterioles without ultrastruc tural damage to the arterial smooth muscle (Rosen blum, 1986; Haberl et al., 1990) . One potential prob lem with assessing the effects of segmental endothelial lesions is that the vasodilator response to global vasodilating stimuli, like CO2, could be, in part, propagated from sites outside of the light exposed arteriolar segment. To account for this possibility, two exp�rimental manipulations were employed. First, we modified the LID treatment by increasing the area of light exposure from 300 "",m to 6 mm in diameter. Second, we administered a blood-brain barrier permeant muscarinic agonist, oxotremorine (OXO), systemically to induce a glob al cerebral vasodilation known to be endothelium and NO-dependent (Pelligrino et al., 1992) . By ap plying OXO after LID treatment, we could ascertain whether LID treatment is capable of impairing local arteriolar dilation associated with systemic admin istration of an endothelium-dependent vasodilating stimulus.
Another aim of this study was to determine whether hypercapnia-induced NO production in fact contributes to dilation at the arteriolar level. Studies to date have only examined the role of NO in large artery or CBF responses to hypercapnia. It is important to demonstrate that there is a NO dependent component at the arteriolar level during hypercapnia before attempting to determine the source of that NO. These evaluations involved top ical application of the NOS inhibitor, L-NA, and as a control, its inactive form, D-NA, was used.
METHODS AND MATERIALS
The study protocol was approved by the Institu tional Animal Care and Use Committee. Male Spra gue.!.-Dawley rats, 350-450 g, were used. The cranial window design and surgical implantation were de-scribed in detail in a previous publication . The windows were placed 1-2 days be fore experimentation, to permit recovery of the brain and its vasculature from any acute postsurgi cal "stress."
On the day of study, anesthesia was induced with halothane and the rat was paralyzed (curare), tra cheotomized, and mechanically ventilated. Surgical anesthesia for insertion of bilateral femoral arterial and venous catheters consisted of 0.8% halothane/ 70% N20/30% 02' After catheterization, the animal was placed in a head-holder and the cranial window was exposed. The halothane was discontinued and a loading dose of intravenous (i. v.) fentanyl was given (10 "",g ' kg-I). Anesthesia during the study was i.v. fentanyl (25 "",g·kg-1·h-1) plus ventilation with 70% N20/30% 02' Cannulae were secured into the inflow, outflow, and intracranial pressure (ICP) monitoring ports and the space under the window was filled with artificial cerebrospinal fluid (aCSF). The aCSF solution was suf fused at 1.0 ml . min -I and was maintained at a temperature of 37°, a Pco2 = 40-45 mm Hg, P02 = 5�0 mm Hg and pH �7.35. The ICP was con trolled at 5-10 mm Hg by adjustments of the height of the outflow cannula. The reactivity of 30-60 "",m pial arterioles on the exposed cortical surface was assessed via measurement of diameter changes. This was accomplished employing a microscope (Nikon)/color video camera (Sony) arrangement equipped with an epiillumination, darkfield system (Fryer Co. Inc., Carpentersville, IL, U.S.A.). Mag nifications of � x 800 were displayed on a video monitor. Precise measurements of vessel diameter were made directly from the monitor using a cali brated video microscaler (Optech).
In all experiments, initial diameter measurements were made at � 1 h posthalothane and after a 30-min period of cortical suffusion with drug-free aCSF. Then S-nitroso-acetyl-penicillamine (SNAP, 10-5 M) (direct NO donor) and acetylcholine (Ach, 5 x 10 -4 M) were suffused to establish, respectively, the presence of an adequate vascular smooth muscle relaxation and an endothelial capability of synthesizing NO endogenously. Diameters were measured at 3-min suffusion of each agent, followed by restoration of baseline diameter with drug-free aCSF suffusion (10 min). Carbon dioxide (5% CO2) was then added to the inhalation gas mixture so as to achieve an arterial CO2 tension of 70 mm Hg, and diameter measurements were made at 3 min of hy percapnia, followed by reestablishment of the nor mocapnic baseline. Thereafter, the arterioles were either exposed to LID treatment or nitroarginine an alogues.
L/D protocol
With the LID treatment, the brain surface is co axially illuminated with mercury light, transmitted through the microscope objective, and filtered to a wavelength range of 450-490 nm. This technique has been used to functionally impair endothelial cells in rats (Haberl et aI., 1990) . Through the use of an aperture, the light was either focused to illumi nate an area of �300 f1-m in diameter (n = 8), or an area of 6 mm in diameter (n = 8) with an emphasis on distal portions of the longest vessel segments exposed under the windows. The purpose was to expand the endothelial injury upstream as much as possible. Thereafter, 2% fluorescein dye (0.8 ml . 100 g -1 body weight) was injected into the femoral vein (injection time was � I min) and the light exposure was maintained for 90 s subsequent to initiation of dye injection. Pilot studies estab lished that a 90-s illumination time was optimal for eliciting a functional injury to the endothelium but not the smooth muscle.
At �10 min post-LID, diameters were measured and the vasodilatory responses to SNAP, Ach, and CO2 were tested again. The OXO infusion (1 f1-g·kg-l·min -I ) was initiated at the end of the stud ies and maintained for 7 min, with diameter mea surements being obtained at I-min intervals (n = 7). In controls (n = 8), only light or dye alone was given. Mercury light exposure or intravenous fluo rescein dye alone do not alter cerebral microvascu lar reactivity (Rosenblum, 1986) .
NOS inhibition protocol
To evaluate the inhibitory effect of L-NA on pial arteriolar diameter changes during hypercapnia, the rats were organized into three groups: (a) 45-60 min topical L-NA (1 mM) suffusion (n = 5); (b) 2-h topical L-NA suffusion (n = 6); and (c) 2-h topical D-NA suffusion (n = 5). The arteriolar responses to SNAP, Ach, and CO2 were recorded, as described above, followed by return to normocapnia. A suf fusion of aCSF containing L-or D-NA (1 mM) was then introduced. The L-NA suffusion was main tained for either 45-60 min or 2 h. The D-NA was suffused for 2 h. The vasodilator applications were then repeated (with L-or D-N A included in the aCSF).
Arterial P02 For statistical analysis of the OXO time course within a given animal group, we used a two-way analysis of variance, with a posthoc C-matrix test for multiple comparisons (Systat, Inc., Evanston, IL, U.S.A.). For comparisons of results between groups or for comparisons of diameter changes in the presence of a given vasoactive agent, before and after addition of inhibitors, a multivariate analysis was employed (Systat). Statistical significance was taken at the p < 0.05 level. Table I summarizes pial arteriolar diameters and arterial blood variables obtained at the end of the initial 30-min period of cortical suffusion with drug free aCSF; immediately preceding application of L-NA, D-NA, or LID; and following these treat ments. The arterial blood variables and MABP did not vary significantly among the groups. Although there was a trend toward increasing baseline diam eters before the second series of suffusions, this was not statistically significant. Furthermore, no significant variations in baseline diameters were ob served when analyzing all diameter values mea sured between applications of the vasoactive agents (complete data not shown). This includes both se ries of vasodilator applications. Also, no significant differences in the diameters were seen after apply ing LID, L-NA, or D-NA.
RESULTS
The results of LID endothelial injury are summa rized in Fig. 1 and Table 2 . The hypercapnic re sponses are expressed either as percent diameter change from baseline ( Fig. 1 ) or as CO2 reactivity ( Table 2 ). The focused "pinpoint" LID exposure blocked Ach-induced responses, while not affecting SNAP-induced vasodilation (Fig. 1) . This indicates that the LID treatment injured endothelium but not smooth muscle. The CO2 response was not altered by LID exposure, but the OXO response was also unaffected (Fig. 1) . These data indicated that "pin point" endothelial injury is ineffective in attenuat ing the cerebral vasodilation resulting from global endothelium-dependent vasodilating stimuli.
The results from experiments where the area of light exposure was increased to �6 mm in diameter are presented in Fig. 2 and Table 2 . The fact that the Ach response was lost after LID, but the SNAP response was retained, again confirmed endothelial injury and intact smooth-muscle function. The OXO response in the LID exposed group was Values are means ± SD. MABP, mean arterial blood pressure.
clearly attenuated (by 50-75%) during the period of OXO infusion. Thus, the expanded exposure was capable of impairing global vasodilation resulting from endothelium-dependent stimuli. The CO2 re sponse, either expressed as a percentage change from baseline (Fig. 2) or CO2 reactivity (Table 2) , was unaffected by LID. The pial arteriolar response to CO2 was rapid, reaching a maximum by 1-1.5 min. This same pattern was observed after LID ex posure. Thus, only the 3-min value is reported in Fig. 2 .
The results of L-NA and D-NA administration on pial arteriolar diameter changes during hypercapnia or suffusions of SNAP or Ach are summarized in Fig. 3 
Paco2
Pa cent diameter change from baseline ( Fig. 3 ) and the CO2 response is additionally expressed as CO2 re activity (Table 2 ). In both the 45-60-min and the 2-h suffusion groups, L-NA did not affect SNAP re sponses, but blocked Ach-induced vasodilation. This confirmed that L-NA did not affect smooth muscle function but blocked endothelial NO gener ation. Although the Ach response was inhibited at 45 min post-L-NA, the hypercapnic response was unaffected. However, after �2 h of L-NA expo sure, the Ach response remained significantly atten uated and the CO2 response was also attenuated by 50% (p < 0.05). D-NA suffusion for �2 h did not affect the pial arteriolar responses to any of the aforementioned vasodilating agents or to hypercap- (min fifter stfirt of infusion) Values are means ± SD. For abbreviations see Table I . a p < 0.05 versus values immediately before L-NA.
nia. This suggested that there was no nonspecific vascular effect of the arginine analogues.
DISCUSSION
Present findings provide direct evidence that the hypercapnia-induced relaxation of rat cerebral mi crovessels in vivo does not require an intact endot helium. Thus, a LID exposure of sufficient magni tude to impair both local and global endothelium dependent vasodilation to two muscarinic agonists in the brain was unable to affect the CO2 response. Topical application of the NOS inhibitor, L-NA, but not the inactive enantiomer, D-NA (for �2 h each) attenuated the dilatory response of these ves sels to CO2, suggesting that NO production specif ically contributes to hypercapnic vasodilation in ce rebral arterioles. The magnitude of this effect is consistent with most reports in which hypercapnic CBF changes were examined before and after sys temic administration of NOS inhibitors (Iadecola et aI., 1994) .
Our findings also demonstrated that "pinpoint" LID injury models do not effectively attenuate ce rebral vasodilation resulting from global endothe lium-dependent stimuli. This implies that "up stream" influences from uninjured portions of the vascular endothelium can overwhelm the injured segment. Nevertheless, the capacity for "pinpoint" illumination to impair endothelium-dependent va sodilation also appears to be a function of the extent of upstream exposure to the vasodilating agent. Thus, the response to locally applied Ach was blocked after such limited endothelial injury, and is consistent with previous findings from others (Rosenblum, 1986; Haberl et aI., 1990) . One might still argue that, with respect to the endothelium dependence of hypercapnic vasodila tion, pial arterioles cannot represent the whole ce rebral circulation. However, small pial arteries are more sensitive to the vasodilatory influence of hy percapnia than large arteries are (Wei et aI., 1980; Faraci et aI., 1987) . Moreover, Toda et al. (1989) demonstrated, in an in vitro study, that denudation of endothelium in dog middle cerebral artery did not affect its normal CO2 response. Gotoh et al. (1987) , in a preliminary study, also reported similar results in cat pial vessels (200-300 f-lm) where ultraviolet light was applied in vivo to selectively injure the endothelium. In adult diabetic rats, a general in vivo endothelium injury model, the CBF response to CO2 was found to be normal (Pelligrino and Al brecht, 1991) . Taken together, previous and present results suggest that a lack of an endothelium depen dence to hypercapnic vasodilation extends through out the cerebral arterial system in adult animals.
L-NA
During hypercapnia, there appears to be little doubt that a decrease in brain pH is critical to the cerebral vasorelaxation response (Lassen, 1968; Wahl et aI., 1970; Kontos et aI., 1977) . Thus, any additional mechanisms one might propose as partic ipating in the cerebral hyperemic response to hy percapnia must in some way relate to an increased H + ion concentration. Interestingly, recent studies showed that only the neuronal NOS (nNOS) activ ity increases as pH is reduced (Heinzel et aI., 1992) , while endothelial NOS (eNOS) activity appears to increase as pH is elevated (Fleming et aI., 1993) . The reason that the endothelium is not involved in hypercapnic cerebral vasodilation may be related to this "wrong-way" pH dependence of eNOS.
If not endothelium, what could be the source of NO during hypercapnia? There is some evidence in L-NA D-NA support of perivascular cells being induced to in crease NO synthesis in response to CO2, In isolated cerebral vessels, increasing Pco2 did not result in a corresponding elevation of cyclic GMP (Wang et aI., 1993) , whereas cyclic GMP showed a greater than twofold increase in brain hippocampal slices (Whittingham et aI., 1994) . The vasodilatory actions of NO are generally attributed to stimulation of the soluble guanylate cyclase of smooth-muscle cells and the synthesis of cyclic GMP. Measurement of cyclic GMP levels is often used to indicate changes in NO synthesis. Therefore, the different cyclic GMP response in the isolated vessels and brain slices may suggest a perivascular NO source during hypercapnia. However, perivascular nerves and neuronal input do not appear to be involved. This is evidenced by the fact that lesioning the NO inner vation arising from the sphenopalatine ganglia (Ia decola et aI., 1993), ablation of local neurons (Iade cola et aI., 1987) , or direct applications of TTX in vivo (Fabricius and Lauritzen, 1994) and in vitro (Wang et aI., 1993) to block nerve depolarization did not influence the hypercapnic vasodilatory re sponse. Whether perivascular astrocytes, which may also contain constitutive NOS (Springall et aI., 1992; Murphy et aI., 1993) , make any contribution to the hypercapnic response remains to be ad dressed in future investigations. Interestingly, in contrast to the results obtained in adult rats, cats, and dogs, vascular endothelium appears to represent an integral component of the cerebral vasodilatory response to hypercapnia in newborn pigs (Leffler and Busija, 1985; Leffler et aI., 1994) . Hypercapnia stimulates cerebral micro vascular endothelial cells to produce vasodilatory prostanoids (Hsu et aI., 1994) . Endothelial injury in the piglet eliminates the cerebral vasodilatory re-sponse and the prostacyclin production accompa nying hypercapnia (Leffler et ai., 1994) .
The 50% reduction in the pial arteriolar dilatory response to hypercapnia after 2-h topical L-NA ex posure is similar in magnitude to the percentage re duction in hypercapnic CBF that we previously re ported (Wang et ai., 1992; Pelligrino et ai., 1993) after systemic administration of NOS inhibitors. However, in the systemic administration studies, this degree of attenuation was achieved at � 10-20 min (Wang et ai., 1992; Pelligrino et ai., 1993; Fab ricius and Lauritzen, 1994; Wang et ai., 1994) . This time difference has been used to implicate an endo thelial source of NO during hypercapnia. The argu ment is that with systemic administration, L-NA reaches the endothelium before perivascular struc tures (Fabricius and Lauritzen, 1994) . However, this implication must be reassessed in light of the present finding that 45-60 min of L-N A suffusion blocked the actions of the putative endothelium dependent dilator, Ach, while not affecting the CO2 response. In fact, previous studies by us (Pelligrino et ai., 1994) and others (Faraci, 1991) have shown that much shorter periods of exposure to a topically applied NOS inhibitor can block pial arteriolar re sponses to Ach suffusion. Furthermore, we re cently found, in preliminary experiments (Wang, unpublished observations) , that L-NA administered by topical suffusion for � 1 h was capable of sup pressing the global endothelium-dependent pial ar teriolar dilation accompanying i.v. OXO, whereas no change in the CO2 response was observed during this period. Consistent with the LID experiments, it seems apparent from these findings that Ach and CO2 induce NO generation at different sites.
The much slower effect of topical versus sys temic L-NA may be a function of an intact pial arachnoid restricting diffusion to the underlying tis sues (Brightman and Tao-Cheng, 1993) . This may explain why, in several studies, suffusion of L-NA took a longer time to achieve the same effect on the cerebral vasodilatory response to hypercapnia (or OXO), compared with administration of L-NA via the systemic route. This discrepancy cannot be at tributed to systemic uptake and general redistribu tion of topical L-NA to the brain or diffusion to large arteries upstream (Iadecola and Xu, 1994) . Nevertheless, the 2-h suffusion time needed for L-NA to affect the CO2 response in the present study was longer than others have reported. In those studies, suffusion of L-N A for 60 min was found to attenuate the CBF (laser-Doppler) (Iade cola, 1992; Dirnagl et aI., 1993; Fabricius and Lau ritzen, 1994) or pial arteriolar response to hypercap nia (Irikura and Moskowitz, unpublished observa-J Cereb Blood Flow Metab. Vol. 14. No. 6. 1994 tions). The cause of the discrepancy is not clear, but it might relate to the fact that our windows were placed 1-2 days before study, whereas in the other investigations the craniectomies were performed on the day of study. In our preparation, some reactive or inflammatory materials might build over time, which could delay the penetration of topical L-NA.
Although a gradual diffusion of L-NA to NOS containing cells in the underlying tissue is the most likely explanation for the time-dependent effect of L-NA, other possibilities merit consideration. For example, it is conceivable that the present results are a function of a L-NA-related but NO-indepen dent enzyme induction or downregulation process. Also, the delayed nature of the L-NA effect that we and others have observed may reflect a contribution from an inducible NOS (iN OS) to the CO2 response. L-NA is known to exhibit a considerably lower in hibitory potency toward iNOS in comparison to the constitutive NOS form (Furfine et ai., 1993) . How ever, the fast vasodilatory response to CO2 rules out the possibility that CO2 could have induced the iNOS, because the process of induction requires many hours (Moncada et aI., 1991) . Furthermore, once activat�d, iNOS produces NO continuously. The fact that the pial arterioles rapidly returned to normal diameters after restoration of normocapnia also speaks against any role of iNOS in the hyper capnia-induced vascular response. It is apparent that further experiments are required to explain the time dependency of topical L-NA administration ef fects on CO2 reactivity.
In conclusion, the pial arteriolar dilatory re sponse to hypercapnia appears to involve NO. However, the source of the hypercapnia-induced NO production is apparently non endothelial. The present findings do not permit us to establish whether neurons or glia are the source of NO or whether NO plays a direct or permissive role in the cerebral arteriolar response to hypercapnia. These issues need to be addressed in future investigations. In addition, caution should be taken when using a "pinpoint" light exposure plus intravenous dye to study the influence of endothelium in vasodilation resulting from global stimuli. Our results clearly demonstrated that the resultant endothelial injury is ineffective in attenuating the cerebral vasodilation resulting from global endothelium-dependent stim uli.
